ABSTRACT
INTRODUCTION
Carbon steel is the most commonly used material for construction of pipelines and associated production equipment. Aqueous CO 2 corrosion of mild steel presents a significant problem for the oil and gas industry. When dissolved in water, CO 2 is hydrated to form carbonic acid which presence leads to a much higher corrosion rate of carbon steel than would be found in a solution of a strong acid at the same pH [1] [2] [3] [4] [5] [6] . Carbon dioxide top-of-the-line corrosion (TLC) occurs in stratified or stratified-wavy flow regimes where a significant temperature gradient between the outside environment and the inner pipeline surface leads to high condensation rates. A thin film of condensed water forms on the sides and on the upper section of the internal pipe walls, and the presence of various corrosive species such as CO 2 and acetic acid causes a severe corrosion problem [5] [6] [7] [8] [9] [10] .
The use of corrosion inhibitors is one of the most practical and cost effective methods for combating CO 2 corrosion in oil and gas wells and flowlines [11] . Corrosion inhibitors contain different functional groups, usually polar head (fatty acids, amines, imidazolines, oxygen, sulphur or phosphorus containing species, quaternary amines) and long hydrocarbon chain (typically C14-C18), which promote the binding of inhibitor molecules to the metal surface [12] [13] [14] [15] [16] [17] . Imidazoline based corrosion inhibitors are cationic surface active compounds widely used for protecting pipelines from CO 2 corrosion in the oil and gas industry [18] [19] [20] [21] .
Conventional mitigation methods can fall short in protecting the top of the line since the conditions do not allow the inhibitor to reach the top sections of the wall [17] . A novel idea consists of injecting the corrosion inhibitor within a foam matrix and delivering the corrosion inhibitor to locations where condensation occurs. This method was designed to uniformly deliver the inhibitor to the inner pipe wall. It should consequently lead to formation of strong chemical bonds that would allow the inhibitor to remain on the pipe wall for long periods of time between treatments. This method could be theoretically implemented without affecting the production conditions within a given pipeline.
ZASTITA MATERIJALA 57 (2016) broj 2 196 The experimental study performed here includes:  Investigation of corrosion inhibitor, TOFA/ DETA imidazoline, efficiency on mild steel in CO 2 -saturated 3 wt. % NaCl.  Validation of the novel TLC mitigation method in an innovative glass cell setup.  Testing of the novel TLC mitigation method in a large scale flow loop under simulated field conditions. Molecular structure of TOFA/DETA imidazoline is depicted in Fig. 1 , where can be seen that inhibitor molecule consists of three different substructures: a nitrogen-containing five member ring, a pendant side chain with a hydrophilic active functional group (ethylamino pendent group) attached to N1 and a long C-17 hydrophobic chain attached to the C2 atom. 
Materials
X65 carbon steel was used for the corrosion measurements. Its composition (mass % balance is Fe) is 0.13C, 0.26Si, 1.15Mn, 0.32Al, 0.16Mo, 0.36Ni, 0.131Cu, <0.009S, <0.009P. TOFA/DETA imidazoline is a water dispersible corrosion inhibitor with molecular weight of 359 g mol -1 , while its density and viscosity measured at 25°C are 980 kg m -³ and 200 mPa s respectively. Sodium C14-16 olefin sulfonate synthetic detergent is a high foaming anionic surfactant with a molecular weight of 324 gmol -1 , water soluble, commercially available as 40 vol. % aqueous solution with density and viscosity measured at 25°C of 880 kgm -³ and 500 mPa s respectively. It consists of a mixture of long chain sulfonate salts prepared by sulfonation of C14-16 alpha olefins.
Inhibitor efficiency in the liquid phase
Experiments were conducted using a conventional three-electrode cell assembly. The rotating cylinder test specimens (5.4 cm 2 exposed area), machined from X65 pipeline steel, were used as the working electrode. A platinum mesh was used as the counter electrode and a saturated silver/silver chloride (Ag/AgCl) reference electrode was connected externally via a Luggin capillary tube. The test specimens were grinded sequentially using 240, 320, 400, and 600 grit silicon carbide paper degreased with isopropanol in an ultrasonic water bath and dried with hot air. Experiments were conducted under stagnant conditions at atmospheric pressure, at different temperatures in the range from 20°C to 70°C. Test solution was 3 wt. % NaCl. The solutions were deoxygenated by purging CO 2 gas for 1 h before the start of the experiment.
TOFA/DETA imidazoline was introduced into the solution in the concentration range close to its critical micelle concentration (CMC) from 50 ppm v to 90 ppm v. TOFA/DETA imidazoline has been found to have CMC value of 65 ppm v in 3 wt. % aqueous NaCl solution saturated with CO 2 at 20°C, pH 5 [19] . All the electrochemical measurements were carried out using a reference Reference 600TM Potentiostat/ Galvanostat/ZRA (Gamry Instruments, Inc., Warminister, PA, USA). PDS measurements were carried out subsequently after 30 min of opencircuit potential, E ocp , measurements.
The Potentiodynamic polarization measurements (PDS) were carried out from a cathodic potential of -0.25 V to an anodic potential of 0.25 V with respect to the corrosion potential, at a scan rate of 1 mV s -1 . The linear polarization resistance (LPR) measurements were carried out from a cathodic potential of -5 mV to an anodic potential of 5 mV with respect to the corrosion potential at a scan rate of 0.125 mV s -1 . The analysis of the morphology of the mild steel surface was carried out using atomic force microscopy (AFM), operated in the contact mode under ambient conditions, at a scan rate 0.7 Hz, scan angle 0, scan points 256 and scan lines 256 using an MFP-3d Standing Alone AFM instrument, Asylum Research, Inc. Images of the specimens were recorded after 24 h exposure time in 3 wt. % NaCl purged with CO 2 gas at 20°C, and at 70°C without and with 70 ppm v of TOFA/DETA imidazoline. The purpose of investigating the topography of the surface was to characterize the surface roughness on a microscale.
Corrosion Inhibitor performance in the vapor phase -glass cell
The objective here was to prove if the corrosion inhibitor can be carried by the foam matrix and provide sufficient corrosion inhibition on the top of the line. To achieve this goal, two glass cells were used as shown in Fig. 2 . The "corrosion cell" contained 3 wt. % NaCl solution with acetic acid in a concentration of 0.02 mol dm -3 while the "foaming cell" contained 20 vol. % aqueous foaming agent (sodium C14-16 olefin sulfonate) with 1000 ppm v of TOFA/DETA imidazoline added. The solution temperature was increased to 70°C and the pH was adjusted to pH 4. When the desired conditions were achieved, the ER probe was installed flush-mounted at the bottom of a stainless steel lid of the corrosion cell. Cooling of the probe was maintained by using a heat exchanger, so the ER probe was exposed to water condensation. To limit water vapor loss during the test, a reflux condenser was used in the exhaust line. Once the non-inhibited baseline corrosion rate was obtained in the corrosion cell, the foam matrix was created by immersing the CO 2 gas bubbler into the solution of the foaming cell. When a plug of foam of good consistency was formed there, the ER probe was taken out from the corrosion cell and flush-mounted onto the lid of the foaming cell where it was contacted by the foam for a set amount of time. It was then returned back to the corrosion cell. In this way, intermittent foam contact with the top of the line was simulated.
Corrosion Inhibitor performance in the vapor phase -flow loop
All experiments have been performed in a wet gas corrosion flow loop, specially designed to study the effect of operating parameters on the corrosion of carbon steel under condensing conditions. The large scale flow loop is described elsewhere in detail [22] . The experimental conditions are summarized in Table 1 . The corrosion rate data were acquired using ER measurements. The ER probes were introduced into the flow loop as soon as the system had reached steady state (temperature, pressure, and flow velocities). The sensing elements of the ER probes were pretreated with 78 wt. % H 2 SO 4 for 30 s, rinsed with DI water for 10 s, polished with emery paper grit 600, and rinsed with DI water again. The ER probe was then flush mounted on the top pipe wall of the flow loop test section so that the sensing element was directly exposed to the corrosive environment. The exposure time was between 30 h and 60 h.
RESULTS AND DISCUSSIONS

Inhibitor efficiency in the liquid phase
PDS measurements
Potentiodynamic polarization curves recorded for mild steel in CO 2 -saturated 3 wt. % NaCl solution without and with varying concentrations of TOFA/DETA imidazoline at different temperatures in the range from 20°C to 50°C are shown in Fig. 3 .
It is widely accepted that the mechanism of mild steel corrosion in CO 2 -saturated 3 wt. % NaCl is under both mass transfer and activation control [24] . The cathodic limiting current is commonly attributed to the superposition of the diffusion limited reduction of H + and H 2 CO 3 . It was reported that at pH 5, the dominant cathodic reaction is H 2 CO 3 reduction while the contribution of H + was much smaller than at lower pH. The slow replenishment of the H 2 CO 3 and consequently the limiting current for this reaction is controlled by the slow hydration of dissolved CO 2 [25] . The change of slope of the cathodic curve at high overpotentials corresponds to direct H 2 O reduction. It is reported that the anodic dissolution of iron is affected by the presence of CO 2 , where carbonic species in solution are acting as a chemical ligands and catalyzing the dissolution of iron [8] . The addition of TOFA/DETA imidazoline shifts the corrosion potential to more positive values and decreases the corrosion current density of mild steel. It can be concluded that TOFA/DETA imidazoline inhibits the corrosion of mild steel to an appreciable extent and the extent of inhibition is dependent on the inhibitor concentration. It can be also noticed that the current density increased with increasing temperature in the presence and absence of corrosion inhibitor due to the acceleration of all the processes involved in corrosion. According to Fig. 3 , the presence of TOFA/DETA imidazoline affects both anodic and cathodic partial reaction with a more noticeable anodic effect. Consequently TOFA/DETA imidazoline can be considered a mixed-type inhibitor, with the predominant influence on the anode process due to the adsorption of the inhibitor molecules on the corresponding active sites. The corrosion current density was determined graphically by the intersection of the extrapolated Tafel region of the anodic and the cathodic polarization curves. Values of kinetic parameters deduced from the polarization curves including anodic and cathodic Tafel constants, b a and b c , corrosion potential, E corr , corrosion current density, j corr , corrosion rate, v corr , and inhibition efficiency, η (%), are listed in Table 2 . Corrosion rate, v corr , and η (%) were calculated using the following equations, respectively:
where M is molar mass of Fe (55.845 g mol -1 ), ρ is the density (7.874 g cm By assessing Table 2 data, a significant decrease in j corr and consequently v corr with the increasing concentrations of TOFA/DETA imidazoline is evident, leading to the increase of inhibition efficiency up to 92 %. The shift of E corr value to more noble values indicates that the inhibitor can effectively inhibit the anodic dissolution of mild steel in CO 2 -saturated chloride solution. However, j corr increased with increasing temperature due to corrosion process acceleration with increasing temperature, while the temperature had no significant effect on the inhibitor efficiency. In CO 2 corrosion the determination of Tafel slopes is not straightforward due to the complexity of the polarization curves. As can be seen in Table 2 almost infinite value of b c and the value of b a close to 40 mV dec -1 were observed for bare steel in 3 wt. % NaCl saturated with CO 2 , at all given temperatures. This is consistent with b a values (40-60 mV dec -1 ) typically reported for iron dissolution controlled by charge transfer [26] . It can be observed that both cathodic and anodic Tafel constants increased with TOFA/DETA imidazoline concentration. (Fig. 4) . For narrow range of overpotentials relative to E corr (±20 mV), the relationship between the polarization resistance R ct and corrosion rate v corr can be estimated using the Stern and Geary equation:
Tafel constants were previously determined from the potentiodynamic curves, while the v corr was calculated using the Faraday law (Eq.1).
Figure 4 -Polarization curves of mild steel in 3 wt. % NaCl at room temperature and at 70°C, pH 5, without and with 90 ppm v TOFA/DETA imidazoline
It was found that the corrosion rate of mild steel in 3 wt. % NaCl, pH 5, at room temperature decreased from 0.7 mm yr -1 for bare steel to approximately 0.1 mm yr -1 when 90 ppm v of TOFA/DETA imidazoline was added. The corrosion rate also decreased from 2.5 mm yr -1 for bare steel to less than 0.1 mm yr -1 by adding 90 ppm v of TOFA/DETA imidazoline at 70°C. Results obtained from LPR measurements are in good agreement with that obtained from PDS measurements. It can be assumed that the imidazoline ring and nitrogen heteroatom are the active sites of TOFA/DETA imidazoline corrosion inhibitor while the hydrocarbon chain forms hydrophobic film and protect the metal surface from corrosive species. It was also demonstrated that TOFA/DETA imidazoline protects the steel surface against corrosion by forming self-assembled films [19] .
Surface morphology
Further investigation of the corrosion resistance ability of TOFA/DETA imidazoline films was carried out by means of atomic force microscopy (AFM) in order to characterize the mild steel surface microstructure. The three-dimensional AFM images of mild steel surface after 24 h of exposure to 3 wt. % NaCl solutions without and with TOFA/DETA imidazoline at 20°C and at 70°C are shown in Fig.  5 .
In the absence of inhibitor ( Fig. 5a and b) , the mild steel surface was strongly damaged due to metal dissolution in the corrosive solution. Nevertheless, the appearance of steel surface was significantly different after the introduction of TOFA/DETA imidazoline to the corrosive solution. The Fig. 5c and d clearly show that the corrosion rate of mild steel decreased and very flat surface appeared, suggesting that TOFA/DETA imidazoline forms an inhibitive film on the mild steel surface.These results support the results of the electrochemical measurements, discussed above. [19] Copyright 2013 Elsevier).
Corrosion inhibitor performance in the vapor phase -glass cell
To investigate if the corrosion inhibitor carried by foam matrix can provide sufficient inhibition at the top of the line, sodium C14-16 olefin sulfonate was used as the foaming agent, concentration 20 ZASTITA MATERIJALA 57 (2016) broj 2 201 vol. % in DI water. The verification of inhibitive properties of the foam matrix without and with 1000 ppm v of TOFA/DETA imidazoline was performed. The time dependences of metal thickness loss were obtained using the ER probe (Fig. 6 ) in the vapor phase saturated with CO 2 and H 2 O at a total pressure of 1 bar. The temperature of the solution was held constant at 70°C while the temperature of the vapor phase was around 60°C. We have used linear regression to fit metal thickness loss data to a linear relationship and to determine the value of corrosion rate. All the measurements were repeated at least twice and then the representative measurement was shown in the manuscript. Once the baseline corrosion conditions were established in the corrosion cell, the TLC rate of bare steel was around 0.5 mm yr -1 . As can be seen in Fig. 6a , the metal thickness loss increased in the non-inhibited system and kept on increasing with further exposure time even when the ER probe was intermittently taken from the corrosion cell and mounted on the lid of the foaming cell for 60 s at a time. So, it can be concluded that foaming agent sodium C14-16 olefin sulfonate alone has very poor inhibitive property and does not protect the mild steel from corrosion. ).
The ER probe was then taken from the corrosion cell and flush-mounted on the lid of the foaming cell, containing 1000 ppm v of TOFA/DETA imidazoline in the aqueous phase at the bottom, for 60 s at a time, and then returned back to the corrosion cell (Fig. 6b) . The corrosion rate remained below 0.1 mm yr -1 , even after 15 h of exposure. The same results were obtained for lower contact times of 30 s, 15 s and 5 s (data not shown here). Consequently, it can be considered that the TOFA/DETA imidazoline carried by the foam matrix was effective and significantly decreased the TLC rate.
Corrosion inhibitor performance in the vapor phase -flow loop
In order to raise confidence that the previously obtained results can be applied in the field, the novel TLC mitigation method needed to be evaluated under simulated field conditions. Large scale flow loop studies are better suited for the simulation of corrosive environments and flow conditions (realistic gas temperature, gas flow rate, CO 2 partial pressure, and condensation rate) encountered in the field [27, 28] . In these experiments the foaming agent was injected directly in the middle of the flow stream through a nozzle and sprayed on a fine mesh, with uninterrupted gas flow. The method of foam creation provided retention time of the foam matrix coating on the metal surface of approximately 2 min. The time dependence of metal thickness loss for mild steel exposed to vapor phase after the ER probe was contacted by the foam plug without and with corrosion inhibitor is shown in Fig. 7 . The baseline corrosion rate in the vapor phase, measured over an exposure time of 65 h, was in the range from 0.5 mm yr -1 to 0.8 mm yr -1 (interval I, Fig. 7 ). After the ER probe was contacted by a plug of foam without a corrosion inhibitor, the metal thickness loss kept on increasing indicating that the foaming agent alone had no effect on the TLC rate (interval II, v corr = 0.95 mm yr -1 , Fig. 7a) . A plug of foam containing 10 000 ppm v of TOFA/DETA imidazoline was created at the injection port, and the resulting corrosion rate decreased by a factor of two to 0.26 mm yr -1 (interval II, Fig. 7b ). Calculated inhibition efficiency was around 53 % and remained effective for another 50 h. The procedure was then repeated once again with 10 000 ppm v of TOFA/DETA imidazoline and the corrosion rate decreased even further to a value of 0.07 mm yr -1 (interval III, Fig. 7b ).The second foam injection was carried out approximately 40 h after the first injection and approximately 90 % inhibition efficiency was achieved probably due to a better oriented and more completely developed inhibitor film on the metal surface. It seems that successive foam plug injections increase inhibitor placement and provide better corrosion protection.
It was demonstrated that successive injections of foam plugs containing 10 000 ppm v or higher of TOFA/DETA imidazoline inhibitor solution is required to reduce corrosion rates to approximately 90 % inhibition efficiency in the vapor phase. It can be concluded that TOFA/DETA imidazoline carried by the foam matrix forms a thin film on the surface of the ER probe that stops access of the corrosive species to the metal. The obtained results show that the foam matrix can be used to effectively distribute inhibitor liquids to the top of the pipe.
At this point of research, our results indicate that a slug of foam with TOFA/DETA imidazoline, corrosion inhibitor, must be re-applied every 40 h to 50 h in order to ensure the ongoing effectiveness of the novel TLC mitigation method.
CONCLUSIONS
The investigated organic compound TOFA /DETA imidazoline exhibited high inhibition efficiency against mild steel corrosion in 3 wt. % NaCl solution saturated with CO 2 . The protection efficiency increased with increasing inhibitor concentration from 50 ppm v to 90 ppm v , up to 92 %. PDS measurements showed that TOFA/DETA imidazoline can be considered a mixed-type corrosion inhibitor with the predominant anodic effect. The addition of TOFA/DETA imidazoline to the liquid phase decreased the v corr for more than one order of magnitude. A comprehensive study was performed in an innovative glass cell setup which consisted of a foaming cell and a corrosion cell in order to simulate intermittent contact between the foam and the steel surface. The TLC rate of mild steel was effectively reduced by periodic treatment by the foam containing a TOFA/ DETA imidazoline corrosion inhibitor. Repeatable results were obtained for all contact times in the range of 5-60 s, and were persistent for at least 15 hours. A novel TLC mitigation method was also evaluated under simulated field conditions in a large scale multiphase flow loop. The use of a flow loop enabled realistic simulation of the corrosive environments as well as the flow conditions typically encountered in the field. Successive injections of foam plugs containing 10 000 ppm v of TOFA/DETA imidazoline led to approximately 90 % inhibition efficiency and the inhibition effect lasted up to 50 h. The foam matrix is a promising method to deliver a corrosion inhibitor that can control the TLC rate in wet CO 2 gas flow.
